ABSTRACT. Stone fruit (Prunus L.) production in Chile covers ' '43,000 ha and includes a wide variety of soils and climates requiring a large diversity of rootstocks. The most commercially important rootstock cultivars are 26 genotypes from three different taxonomic groups belonging to the subgenera Amygdalus (L.) Benth. Hook. (peach group), Prunus Focke [= Prunophora (Neck.)] Focke (plum group), and Cerasus (Adans.) Focke (cherry group) with eight, seven, and 10 individuals, respectively. To determine their genetic diversity, characterization by microsatellite markers [simple sequence repeat (SSR)] was conducted. Of a total of 20 SSR markers evaluated, 12 generated amplified products that were consistent in the three taxonomic groups. The number of alleles per marker ranged from 18 for PSM-3 to four in CPPCT-002. Clustering analysis, by both traditional hierarchical and model-based approaches, indicate that all genotypes are clustered in their respective taxonomic groups, including the interspecific hybrids. Genetic diversity, measured as the average distances (expected heterozygosity) between individuals in the same cluster, was higher in Cerasus (0.78) followed by Prunus (0.72) and Amygdalus (0.64). Total number of alleles observed was 133, of which 14, 33, and 35 from six, 10, and 10 loci were unique for the peach, plum, and cherry rootstock groups, respectively. Alleles shared among peach/plum, plum/cherry, and peach/cherry rootstock genotypes were 13, 14, and 18 from nine, seven, and seven loci, respectively. Only six alleles from five loci were common to the three taxonomic groups. In addition, to develop a rootstock identification system based on SSR markers, a minimum set of three markers (PMS-3, BPPCT-037, and BPPCT-036) able to differentiate the 26 genotypes was identified. This study is the first step toward establishing a stone fruit rootstock breeding program in Chile.
Fruit production is one of the most dynamic and growing areas of Chilean agriculture. This country is one of the world's main fresh fruit producers and exporters and is first hemispherewide (Food and Agriculture Organization of the United Nations, 2006). Stone fruit production occupies 43,000 ha (Instituto Nacional de Estadística, 2007) distributed in different regions of the country, which provides adequate climatic conditions with cold-hours and degree-days that allow early and late production of this type of fruit. However, because of a large diversity in soils, water availability, and general environmental conditions, a wide range of rootstocks is required, each of them with its particular characteristics adapted to different geographic regions and scion nature.
The Prunus genus is a highly diverse group of woody plants belonging to the Spiraeoideae subfamily of the Rosaceae family (Potter et al., 2007) . Many species of this genus are economically important because they are a source of edible fruit, but various Prunus species are also used as rootstocks.
Rootstocks are responsible for water and nutrient absorption and must provide resistance to soil pathogens and pests as well as tolerance to the environment in which they develop. Many of the most important attributes of the fruit cultivars such as initial flowering, vigor, nutritional state, fruit production, size, and taste can be significantly influenced by the rootstock (Dozier et al., 1984; Jiménez et al., 2007; Zarrouk et al., 2005) . Furthermore, the rootstock must be compatible with a wide range of cultivars to be grafted, be resistant to pest and diseases such as nematode and viruses, and be suited to different soil types (Layne, 1987) . It is unlikely that any single Prunus genotype will have all these attributes. However, it is convenient to incorporate the maximum number of these characteristics to increase its usefulness and extend its area of adaptation.
The correct identification of Prunus rootstocks is a key requirement in activities associated with breeding programs and orchard production and management. The classical identification and characterization methods of fruit tree cultivars are based on morphology, cytology, or phytochemical traits, although these methods have some disadvantages such as high susceptibility to environmental factors and a low degree of polymorphism. The use of these traditional identification methods for rootstocks is even more limited because once the plants are grafted, any leaf, flower, or fruit characteristic is not visible (Liu et al., 2007; Serrano et al., 2002) .
Using DNA markers is an effective and robust method to identify plant material because of its stability in different environmental conditions or in different tissues (Mathias et al., 2007) . Methods based on DNA analysis have multiple advantages in providing precise genetic information from minimal amounts of tissues of any somatic organ independent of the plant's growth stage, allowing both short-term results and simultaneous analysis of a large number of samples.
Diverse types of molecular analysis have already been applied in Prunus with different markers such as isoenzymes (Mowrey and Werner, 1990) , random fragment length polymorphism (Uematsu et al., 1991) , random amplified polymorphic DNA (RAPD) (Casas et al., 1999) , amplified fragment length polymorphism, SNPs (Fang et al., 2006) , and SSR (Aranzana et al., 2003; Bouhadida et al., 2009; Lacis et al., 2009; Pedryc et al., 2009; Rojas et al., 2008) . These have been widely used to characterize and classify commercial cultivars or estimate the genetic relationships among members of this genus. Among these, the microsatellite (SSR) markers are preferred because of their high level of polymorphism, codominant inheritance, abundance in the genome, transferability among species (most frequently in the same genus), and high reproducibility among laboratories. The potential of SSR markers to differentiate cultivars and study genetic relationships as well as its transferability among different Prunus species has been demonstrated by various authors (Aranzana et al., , 2003 Dirlewanger et al., 2002; Downey and Iezzoni, 2000) . Liu et al. (2007) and Serrano et al. (2002) successfully used SSR markers to fingerprint peach rootstocks.
The objective of this study was to conduct a molecular characterization of the main stone fruit rootstocks used in Chile to learn about their diversity, genetic relationships, and to identify the minimum number of markers required to establish a rational genotype identification system.
Materials and Methods
PLANT MATERIAL COLLECTION. Plant material was collected from four nurseries located in central Chile, including materials from the rootstock collection maintained at the Centro Regional de Investigación Rayentué of the Instituto de Investigaciones Agropecuarias in Rengo, Chile. This region is the most important stone fruit productive zone in Chile. A total of 26 Prunus rootstock genotypes were collected (Table 1) . In accordance with similar taxonomic, morphological, and pedigree data available from databases, three groups were defined as 1) peach (Amygdalus subgenus); 2) plum (Prunus subgenus); and 3) cherry (Cerasus subgenus). It was not possible to assign the VC.13 accession to any group because we had no reference as to its origin.
Each sample was made up of four young apical leaves. Samples were obtained from certified mother plants, plants propagated in greenhouses, or plants in the field and being prepared for grafting according to nursery availability.
EXTRACTING GENOMIC DNA AND OBTAINING SIMPLE SEQUENCE REPEAT MARKERS. The genomic DNA of each sample was extracted according to the protocol described by Rojas et al. (2008) . A panel of 20 SSR markers, previously described for different Prunus species (Aranzana et al., 2003; Dirlewanger et al., 2002) , were used in this study, selected for their high discriminatory capacity and amplicon quality ( Table 2 ). The polymerase chain reaction (PCR) was conducted in a final volume of 16 mL containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl 2 , 1 mM dNTPs, 50 pmol of each primer, 20 ng of genomic DNA, and 0.5 U of Taq polymerase (Stratagene Paq5000 DNA Polymerase; Agilent Technologies, Santa Clara, CA) with the following temperature profile: an initial 5 min at 95°C, 35 cycles of 30 s at 94°C, 30 s at an annealing temperature in accordance with primers (Table 2) , 30 s at 72°C, and finally, 5 min at 72°C. The PCR products were denatured by adding 0.5 volume of 95% formamide/dye solution (loading dye: 95% deionized formamide, 10 mM EDTA, 0.1% xylene cyanol) and heated for 5 min at 94°C. Samples were then rapidly cooled on ice. Then 6 mL of the denatured solution was loaded into 6% polyacrylamide gels containing 7.5 M urea in 0.5X TBE buffer (90 mM Tris, 90 mM boric acid, 2 mM EDTA). Electrophoresis was run for 2 h at 80 W. Postelectrophoresis, visualization of the DNA fragments was carried out by silver staining according to Creste et al. (2001) . Allele size was estimated by comparison with the molecular weight marker Gene Rulerä 50 bp DNA Ladder (Fermentas, Glen Burnie, MD).
DATA ANALYSIS. First, the 20 SSR primer pairs included in this study were evaluated with regard to their transferability among the Prunus species used as rootstocks in Chile. Only those SSR markers that generated amplicons in all these Prunus species were selected for further analyses. In accordance with the taxonomic groups included in this study (Amygdalus, Prunus, and Cerasus), each SSR locus was characterized for the number of alleles (A) and the frequency of each allele. The genetic diversity and structure among distinct rootstock genotype groups was estimated using both traditional hierarchical and model-based clustering methods. The hierarchical clustering was performed according to the following procedure: a binary matrix was constructed based on the presence/absence of microsatellite alleles. A similarity matrix was generated by the Dice coefficient (Nei and Li, 1979) . Similarity index data were processed by the unweighted pair group with the mathematical averages method [unweighted pair group method with averages (UPGMA)], clustered with the DARwin software V5.0.158 (Perrier and Jacquemoud-Collet, 2006) , and finally depicted in a dendrogram for rootstock grouping. Then the software Structure (University of Chicago, Chicago, IL) (Falush et al., 2003; Pritchard et al., 2000) was used to perform the modelbased clustering. The format for the data file was adjusted to the higher ploidy genotype, represented by Prunus insititia L. (2n = 48) that is hexaploid. For genotypes with lower ploidy, the null alleles were coded as missing data (-9) , and in the case of locus with recessive alleles, which did not amplify SSR products, they were represented with a value that was not observed at that locus but not missing (Falush et al., 2007) . Considering that most of the rootstock genotypes included in this study are hybrids, the analysis was performed under admixture model using correlated allele frequencies with l = 1.0. Initially, the best K was inferred according to Evanno et al. (2005) running the program 20 times from K = 2 to K = 10 with 5000 burn-in steps before 20,000 MCMC repeats. Finally, the analysis was performed for K = 2, 3, and 4 with 100,000 burn-in steps before 100,000 MCMC repeats. Within this analysis, both identical and full-sib genotypes were eliminated and they were represented only for one genotype in each case.
To compare the efficiency of the markers in cultivar identification, we estimated discrimination power (D) of each primer as found in Tessier et al. (1999) : Cj (confusion probability for the j th primer) is equal to the sum of the different ci for all I patterns generated by primer: Cj = P ci = P pi (Npi -1)/N-1 where pi is the frequency of the i th allele and N is the number of individuals scored. Thus, the discriminating power of the j th primer is equal to: D = 1 -C. The total number of nondifferentiated pairs of cultivars for the j th primer is given by: xj = [N (N-1)/2 Cj]. For a given combination of k primers, Xk (theoretical number of indistinguishable genotypes) is equal to: Xk = N(N-1)/2 Q Cj. The hybrid nature and species in their pedigrees are indicated for each one along with their (breeding) origin and references. y NR = no references.
x NI = no information available.
Results and Discussion
CHARACTERIZATION AND SELECTION OF SIMPLE SEQUENCE REPEAT MARKERS. The 20 SSR markers used in this study were evaluated in a population that contained 26 different Prunus genotypes belonging to three taxonomic groups and different subgenera (Amygdalus, Prunus, and Cerasus) described in Table 1 . Of the total SSR loci evaluated, 18 generated amplicons in the peach rootstocks (Amygdalus subgenus), 17 generated products in the plum rootstock group (Prunus subgenus), and only 14 gave PCR products for the cherry rootstocks (Cerasus subgenus). The BPPCT-008, CPPCT-029, BPPCT-001, and CPPCT-022 markers had been previously described as able to amplify different Prunus species Bouhadida et al., 2009; Dirlewanger et al., 2002) . However, two of these markers (BPPCT-008 and BPPCT-001) resulted in faint bands that were difficult to resolve or did not amplify any group of genotypes at all (Table 2) . Differences in amplification quality are because most of these SSR markers have been developed in peach [Prunus persica (L.) Batsch], and it is known that transferability varies among species of the same genus. Based on these results, only the 12 SSR that had good amplification quality for the three taxonomic groups were selected for further studies. These markers are distributed on seven chromosomes out of eight (one to five and seven to eight). None of the markers associated with chromosome 6 were selected. The markers BPPCT-008 and BPPCT-009, which map on that chromosome, generated amplification profiles that were difficult to resolve in three and two taxonomic groups, respectively ( Table 2 ). The 12 selected markers amplified a total of 133 alleles in a range of 75 to 310 bp in the three taxonomic groups. The number of alleles for each SSR marker varied largely from four (CPPCT-002) to 18 (PMS-3) ( Table 3 ). The CPPCT-006 and CPPCT-033 markers included in this group of 12 SSRs had been previously selected by Mnejja et al. (2010) as part of the ''universal Prunus set,'' which is an SSR markers set capable of amplifying any stone fruit species, including peach (P. persica), european plum (P. domestica L.), sweet cherry (P. avium L.), and almond [P. dulcis (Mill.) D.A. Webb] genotypes. However, these markers can also be used in other species and hybrids typically used as rootstocks.
For the eight genotypes of the peach rootstock group, we observed a mean of 4.3 alleles per locus, ranging from two (CPPCT-002) to eight (BPPCT-037). Allele frequency ranged from 0.70 to 0.06 with a mean of 0.25. The CPPCT-002 marker amplified two alleles, and one of these was overrepresented with pi = 0.75; in the case of CPPCT-006, three alleles were amplified and one was also overrepresented with the same frequency (pi = 0.75). Taking into account all the loci, the observed mean heterozygosity (Ho) was 0.59, which ranged from 0.13 for BPPCT-039 to 1.0 for BPPCT-037, CPPCT-029, and PMS-30. These parameters are higher than the reported mean values for SSR markers in peaches (Aranzana et al., 2003; Bouhadida et al., 2007a) , but similar to those obtained by Bouhadida et al. (2009) in the characterization of a particular set of peach rootstocks. In the case of plum and cherry rootstocks, ploidy levels are not always known with accuracy because there are different levels within the same group of rootstocks (Bouhadida et al., 2007b) . Furthermore, it is difficult to estimate SSR marker allelic dose in triploid and tetraploid individuals. Therefore, only the number of alleles per locus was estimated for the Prunus and Cerasus groups (Table 3) . The plum group, made up of seven genotypes, showed a range of one (CPPCT-029) to nine (BPPCT-040) alleles per locus. In the case of the cherry group, made up of 11 genotypes, the number of alleles per locus varied from two (CPPCT-002) to 11 (PMS-3). The distribution of total alleles amplified from the 12 selected SSR loci are shown in Figure 1 . Of a total of 133 alleles, 14, 33, and 35 (from six, 10, and 10 SSR markers) were unique alleles for the peach, plum, and cherry groups, respectively. Most of them exhibited a low frequency (less than 0.15); however, some exhibited a high frequency such as alleles of loci PMS-30 and BPPCT-037 that were present in every genotype of the peach and plum taxonomic groups. The BPPCT-017 alleles present in cherry rootstocks were the same in 90% of the genotypes. Figure 1 also shows the number of alleles shared between pairs of taxonomic groups with 13, 18, and 14 (from nine, seven, and seven SSR loci) for peach/plum, peach/cherry, and plum/cherry pairs, respectively. An increase in the frequency of shared alleles can be seen in the peach and plum rootstock groups because of the presence of intersubgenus hybrids such as 'Citation' and 'Ishtara' that contain P. salicina Lindl. and P. persica in their genetic background, respectively. Only six alleles belonging to five markers (BPPCT-036, CPPCT-002, CPPCT-006, CPPCT-029, and CPPCT-033) were shared among the three taxonomic groups. GENETIC DIVERSITY AND STRUCTURE OF THE PRUNUS ROOTSTOCKS. Based on the 133 alleles generated by the 12 selected SSR markers, genetic diversity was estimated for the 26 Prunus rootstocks most commonly found in Chile using both traditional hierarchical clustering and model-based clustering methods. For the hierarchical clustering, using the Dice coefficient as a genetic distance index and UPGMA as the clustering method, a dendrogram was generated (Fig. 2) . The generated clusters coincide with the three taxonomic groups (Amygdalus, Prunus, and Cerasus subgenera) and their respective hybrids, all of which were previously defined based on botanical and pedigree information. The VC.13 accession of unknown origin was found to be indistinguishable from the 'LC.52' hybrid genotype [P. cerasus L. · (P. cerasus · P. maackii Rupr.)] of Russian origin (Table 1) . Similar results were obtained by the model-based clustering approach using Structure software (Fig. 3A) under the admixture model with correlated allele frequencies. Based on the second order rate of change of the likelihood (DK) according to Evanno et al. (2005) , the best inferred value of the true number of structured populations was K = 3 (Fig. 3B) . These results are concordant with Odong et al. (2011) , who compared the performance of hierarchical clustering with the model-based clustering methods showing the usefulness Fig. 2 . Traditional hierarchical clustering analysis of 26 Prunus rootstocks used in Chile based on their allelic variation at 12 simple sequence repeat loci. and validity of using traditional techniques for the genetic analysis of germplasm collections, but most inferences about population structures are reduced to a visual interpretation. In the case of model-based clustering methods, they are statistically more robust to make inferences about presence of population structure, identifying distinct genetic populations, assigning individuals to populations, and/or identifying migrants and admixed individuals (Falush et al., 2003 (Falush et al., , 2007 Pritchard et al., 2000) . The genetic diversity, at the best K = 3, measured as the average distances (expected heterozygosity) between individuals in the same cluster, was higher in Cerasus (0.78) with seven genotypes. Identical as 'LC.52' and VC.13 and full-sib genotypes as Gisela and Maxma were represented by one genotype each. This cluster, at K = 4, was divided into two groups, one including the Maxma hybrid family (P. mahaleb L. · P. avium) and one including the Gisela hybrid family (P. cerasus · P. canescens Bois.). In addition to the natural differences among species within the Cerasus subgenus, the observed division reflects the type of materials that breeders manage in their programs. The subgenera Prunus (seven genotypes) and Amygdalus (eight genotypes) follow in ascending order of expected heterozygosity (0.72 and 0.64, respectively). Consequently, the order of differentiation coefficients (F st ), from the putative ancestral population, is inverse, where Amydalus subgenus present the higher (0.301) followed by Prunus (0.208) and Cerasus (0.132).
Materials of the plum (Prunus) group potentially contain alleles of six different species of the Prunus subgenus, even including P. persica background ('Ishtara'). Accessions in the peach rootstock potentially contain alleles of five species of the Amygdalus subgenus, including P. salicina of the plum group ('Citation'). Within the Prunus subgenus, the 'Mariana GF 8-1' ('GF.8-1') and 'Mariana 2624' ('M.2624') were the most closely related genotypes followed by 'Myrobalan 29C' ('M.29C') ( Fig. 2) . These results coincide with those obtained by Bouhadida et al. (2009) , who found a high proximity among these genotypes, a relationship that is also correlated with their morphological similarity. Day (1953) had already reported a high similarity between 'GF.8-1', 'M.2624', and 'M.29C'; the same author put forward some doubts about their relationship with American wild plum (P. munsoniana W. Wight & Hedrick), which should be one of the progenitor of 'GF.8-1' and 'M.2624'. Furthermore, Bouhadida et al. (2009) stated that 'M.2624', 'GF 8-1', and 'M.29C' share four alleles in four loci that are absent in the rest of the plum rootstock group studied and which support the high degree of similarity found among these genotypes. Casas et al. (1999) and Serrano et al. (2002) also reported a very close relationship between 'M.29C' and 'M.2624' using RAPD and SSR markers.
DISCRIMINATION POWER OF SSR MARKERS. To determine the optimum SSR combination to identify rootstock cultivars, SSR markers were arranged according to the number of differentiated genotypes. It can be observed in Table 4 that each marker was evaluated depending on the value of its discrimination power (D). This parameter is frequently used to measure the discriminatory capacity of SSR markers (Mathias et al., 2007; Rojas et al., 2008; Tessier et al., 1999) ; however, its value can vary for the same SSR depending on the characteristics of the germplasm studied (Tessier et al., 1999) . Calculated discrimination power can vary between 0 and 1 in which the value closest to 1 indicates a higher level of polymorphism or variation. The estimate of this parameter is based on both allelic frequencies and polymorphic information content (PIC), and values obtained by any of these approaches are practically identical (Tessier et al., 1999) . Because this study deals with accessions with different ploidy levels, we chose the allele frequency rather than estimated PIC. The last, which is based on heterozygosity values, is very difficult to estimate in a population with unknown ploidy mixture and levels. The PMS-3 marker generated the largest number of observed genotypes (n = 15) and alleles (n = 18). The marker with the lowest value for both parameters was CPPCT-002 with only six observed genotypes and four alleles. The discrimination power of SSRs was always greater than 0.50; the CPPCT-002 marker had the lowest value because it has the fewest polymorphic loci and D = 0.64. The observed mean value was high (0.88), comparable to 0.75 obtained by Bouhadida et al. (2009) for peach rootstocks and 0.64 by Aranzana et al. (2003) for peach cultivars. For identification purposes, the recommendation of including the largest possible number of parameter descriptors is also valid in the case of use of molecular markers such as SSR (Mathias et al., 2007) . However, to reduce costs and increase overall analysis efficiency, it is necessary to identify a minimum number of markers with a very low risk of confusion (Narvaez et al., 2001) . Markers included in this analysis were arranged from top to bottom according to their discriminatory power and then combined by adding them one by one in the same order with the objective of defining a highly informative group of markers that allows differentiating every accession under scrutiny. The theoretical number of indistinguishable genotypes (Xk) was determined for each marker combination and a population of n = 26. Thus, when PMS-3 is used alone, 11 indistinguishable genotypes were obtained with a number that decreased to 0.8 when a new marker was added to the analysis (BPPCT-037). Finally, Xk decreased to 0.07 when adding any of the remaining markers arranged according to their discrimination power. Therefore, combining only three of the markers considered would be sufficient to discriminate all the rootstock genotypes being studied. Except for CPPCT-002, they all have high discrimination power, which confirms their efficiency in identifying cultivars of the Prunus genus.
Results can be compared with those reported by Aranzana et al. (2003) , who were able to differentiate 87% of the 212 peach cultivars of European origin with 16 SSRs. These values indicate that peaches and nectarines [P. persica var. nucipersica (Suckow) C.K. Schneid.] have a significantly lower genetic diversity compared with cultivars used for rootstocks. However, results are similar to those obtained in other fruit species in which 66 apple (Malus domestica Borkh.) cultivars (excluding cultivars derived from mutations such as Fuji or Gala) were discriminated by using only four SSR markers (Galli et al., 2005) . In the case of sweet cherry, 68 cultivars representing 90% of the studied population were discriminated by nine SSR markers (Wunsch and Hormaza, 2002) , whereas 224 grape (Vitis vinifera L.) cultivars were differentiated using eight markers by combining six RAPD and two SSR (Tessier et al., 1999) . Similar to our study, Bouhadida et al. (2009) discriminated 44 genotypes of Prunus rootstocks with only three SSR (BPPCT-001, CPPCT-022, and UDP98-407). Seven RAPD markers were selected in the same genotype group by Casas et al. (1999) , but they could not differentiate some of the plum rootstock clones, which in turn were differentiated by two of the mentioned markers (BPPCT-001 and UDP98-407). It is interesting to note that the markers in this study, identified as the most informative, were different from those evaluated and selected by Bouhadida et al. (2009) ; the reason for this might be in the different sets of rootstock cultivars considered in each case, and in this sense, both studies are complementary.
This molecular characterization of the 26 most used rootstock genotypes in Chile using 12 SSR markers has generated relevant information related to the genetic relationships and diversity existing among different Prunus sp. taxonomic groups. Hence, it is the first course of action toward establishing a modern genetic breeding program for stone fruit rootstocks in Chile.
Literature Cited
